The aim of the study was to evaluate the xeno-oestrogenic potential of propylparaben in vivo using zebrafish (Danio rerio). Experimental juvenile zebrafish (20 days post hatching) were fed a feed containing 500, 1000, or 2000 mg·kg -1 of propylparaben, fish in a positive control group were given a feed treated with 20 mg·kg -1 of 17β-oestradiol, and the control fish were given the feed free of either tested substance. The exposure of fish to propylparaben did not affect vitellogenesis after 20 days exposure but seemed to influence the sex differentiation processes, as evidenced by a sex ratio significantly skewed towards females in the group fed 500 mg·kg -1 of propylparaben following 45 days of exposure. The potential of the fish to respond to oestrogenic stimulation was confirmed, since significantly higher vitellogenin concentrations were detected in the fish from the positive control group.
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Contamination of the aquatic environment by xenobiotics is presently at the centre of attention in the research community. Hundreds of substances that can adversely affect aquatic organisms can be detected in the aquatic environment. Sewage treatment plant effluents represent a major concern. It has been reported that the exposure of fish to these effluents can decrease plasma testosterone levels and cause feminization of exposed male individuals (Folmar et al. 1996 ). An increased frequency of the occurrence of intersexual fish has been reported in the aquatic environment not only in Europe (Jobling et al. 1998; Peňáz et al. 2005 ) but also in North America (Kavanagh et al. 2004 ). Impaired reproductive capacity as a consequence of reduced gamete production in addition to reduced sperm motility and fertility has been detected in feminised male fish in rivers receiving treated sewage effluents. Female fish from polluted areas have shown a higher incidence of oocyte atresia compared to control females (Jobling et al. 2002ab) . Described changes are probably related to the occurrence of (xeno)oestrogenic endocrine disruptors in the aquatic environment.
Endocrine disruptors are chemical substances introduced into the environment that can affect the processes of hormonal regulation in living organisms. In addition to exogenous oestrogens (17β-oestradiol, oestrone, oestriol, 17α-ethinyloestradiol), xenooestrogens can be also detected in the aquatic environment. These substances can mimic the effects of endogenous oestrogens. The well-known xeno-oestrogens are alkylphenols (i.e. degradation products of alkylphenolethoxylate detergents), bisphenol A, and certain organochlorine insecticides (i.e. DDT and some of its metabolites). Many other substances can be considered suspected xeno-oestrogens based on the results of in vitro experiments demonstrating their ability to bind to oestrogen receptors (ERs). This is also the case with parabens. Parabens are used as preservatives in the production of drugs, personal care products, and certain foods, since they can act as antibacterial and antifungal agents. The use of more than one paraben in the formulation potentiates their effects. The most commonly used member of this group of chemicals is propylparaben (PP) (Soni et al. 2005) .
Vitellogenin is a sensitive biomarker which can be used in the assessment of aquatic environment pollution by (xeno)oestrogens. The synthesis of this glycophosphoprotein in liver of fish is oestrogen-dependent and, under natural conditions, limited to reproductive females. In males and juveniles, any detectable concentration of vitellogenin is negligible, since they have very low levels of endogenous oestrogens. However, the exposure of male or juvenile fish to exogenous oestrogens or xeno-oestrogens may induce the production of vitellogenin in these individuals (Denslow et al. 1999) .
In addition to the influence of (xeno)oestrogens on vitellogenin production, these substances have also demonstrated the ability to affect the gonad development process. In addition to genetic factors, the differentiation of fish gonads depends on both environmental (water temperature, photoperiod, illumination level) and social (density of fish population, hierarchy, aggression) factors (Baroiller et al. 1999; Strussman and Nakamura 2002) . It has been reported that the exposure of juvenile fish to (xeno)oestrogens during the critical period of gonad development can induce a shift in the sex ratio of exposed fish population. Varying levels of predominance of females, depending on the species and exposure dose and duration, have been observed in fish populations exposed to (xeno)oestrogens (Örn et al. 2003 Drastichová et al. 2005) .
Due to its small size, the ease of reproduction and rearing, and short generation interval, zebrafish (Danio rerio) is one of the most commonly used fish species in (xeno)oestrogenic potential testing. Zebrafish pass through a stage of juvenile hermaphroditism (protogyny) during gonad development. Takahashi (1977) established that in all zebrafish, irrespective of sex, premature ovaries are formed at the beginning of the differentiation period. These gonads, which are not fully differentiated or functional, are detectable 20 days post hatching (dph). Subsequently, protogynic ovaries in approximately half of the fish are transformed to testes. Oocyte apoptosis of premature ovaries, controlled by endogenous sex hormones, is probably the trigger factor for this transition (Uchida et al. 2002) . Some authors have considered the gonad differentiation to be completed at the age of 30 to 40 dph (Takahashi 1977; Uchida et al. 2002) . Others have reported fully developed male and female gonads in zebrafish to be visible at approximately 60 days (Andersen et al. 2004 ). Maack and Segner (2004) distinguished 3 separate periods of gonad development in the zebrafish. They identified the period 15 to 42 days post fertilization (dpf) as the juvenile hermaphroditic stage. This period is followed by the gonad transition stage (43 to 71 dpf) and, subsequently, by the premature stage of testicular and ovarian development (72 to 99 dpf). After the third developmental period all zebrafish should be considered mature (Maack and Segner 2004) .
The aim of this study was to evaluate the xeno-oestrogenic potential of propylparaben in vivo using juvenile zebrafish as a test species.
Materials and Methods

Experimental design
Following a 3 day adaptation period, 350 juvenile zebrafish (20 days post hatching) were divided into ten 15 l glass tanks (2 control tanks, 2 tanks for each propylparaben (PP) exposure regime), and 2 tanks for positive controls exposed to natural oestrogen 17β-oestradiol (E-2). There were 35 juvenile zebrafish in each tank. Tanks contained 10 l of water prepared according to ISO 7346-2. The pH value of water during the test was 7.7 ± 0.2, oxygen saturation ranged from 61.0 to 72.6% and tank water temperature was 24.5 ± 1.5 o C. The photoperiod was 12 : 12 h (light : dark). During the test, fish were fed three times a day with a food containing either PP, E-2, or no added substance (see below). Three times per week the tank bath was renewed.
Feed preparation
Appropriate amounts of PP and E-2 were diluted in ethanol (96%). Prepared solutions were mixed with decapsulated brine shrimp (Artemia salina) eggs, and the solvent was evaporated by dry warm air (40 °C). Five batches of feed were prepared. The feed for experimental fish contained 500, 1000, or 2000 mg·kg -1 PP. Fish in the positive control group were fed with feed containing 20 mg·kg -1 E-2. Feed for the control group was treated with the solvent only.
Vitellogenin ELISA assay
The measurement of vitellogenin concentrations in whole-body homogenates was performed using the Zebrafish vitellogenin ELISA kit (Biosense AS, Bergen, Norway).
After 20 days of exposure, six randomly selected fish from each tank were killed by placing in a tank filled with carbon dioxide saturated water. Lengths and weights were immediately recorded and fish were transferred to a deep-freeze box (-85 °C), where they were stored for ca 30 days. Then the stored fish were defrosted on ice. Homogenizing buffer (pH 8.0), containing 50 mM tris-HCl, 0.02% aprotinin and 0.1 mM phenylmethane sulphonylfluoride, was added to fish in micro test tubes at a 2 : 1 volume-to-weight ratio. The fish were homogenized and then centrifuged for 1 h at 4 °C at about 14 000 g. Dilutions of vitellogenin standards and of sample supernatants were made. Because of poor vitellogenin stability, all standards and samples were cooled with ice when handled. Specific anti-vitellogenin antibody was placed in the wells of microtitration plates, and diluted standards and samples were transferred onto them. Primary antibodies, secondary antibodies conjugated with horseradish peroxidase enzyme, and substrate were gradually applied. Microtitration plate wells were washed with buffer between steps. Absorbance at wavelength λ = 492 nm was measured using Multiscan RC (Labsystems, Helsinki, Finland) . Absorbance values of standards were plotted as calibration curves, which were then used to determine vitellogenin concentrations in homogenates of individual fish.
Determination of sex ratio
After 45 days of exposure all fish that remained in tanks were killed in carbon dioxide saturated water, and weight and length was recorded. Fish were fixed in 10% formalin and embedded into paraffin blocks. Longitudinal sections (5 μm) were cut and stained with haematoxylin-eosin. The sex of each fish was determined using light microscopy.
Statistical analysis
The Kruskal-Wallis non-parametric test was used to compare differences in vitellogenin concentrations among fish groups. When significant differences were found, multiple comparisons were then performed to identify pairs of groups with significant differences. The hypothesis was tested at significance level α = 0.05.
Fisher's exact test was used to analyse the difference in sex ratio between control group and groups exposed to PP in different concentrations (500 mg·kg -1 , 1 000 mg·kg -1 , 2 000 mg·kg -1 ). Considering multiple use of Fisher's exact test, this hypothesis was tested at adjusted significance level α = 0.017 (0.05/3; Bonferroni correction). Data analyses were performed using Statistica software (StatSoft Inc. 2007 ).
Results
The mean length and weight of fish from the control group at 20 days were 17.2 mm and 83.1 mg, respectively. These values did not differ significantly from those of other groups. At the end of exposure (45 days), no significant differences were found between lengths and weights of fish in groups exposed to PP and those of the control group. Mean length and weight of control fish were 25.3 mm and 277.9 mg. However, mean values of these variables in the group of fish exposed to E-2 were significantly lower, i.e. length, 20.0 mm and weight, 180.8 mg.
The results of vitellogenin measurements are summarized in Table 1 and Fig. 1 . Significantly higher concentrations of vitellogenin in whole-body homogenates of fish exposed to E-2 were detected in comparison to all other groups (Kruskal-Wallis test: Q = 28.68; N = 60; P < 0.001; multiple comparison: differences between E-2 and all other groups P < 0.001; Table 1) . Because of significantly different vitellogenin concentrations in the group exposed to E-2, this group was omitted from subsequent analyses. Significant differences among remaining groups were not found (Kruskal-Wallis test: Q = 0.55, N = 48; P = 0.909; Fig. 1 
]
Groups with different alphabetical superscripts differ significantly at P < 0.05. (Kruskal-Wallis test followed by multiple comparisons). ]. The group exposed to 17β-oestradiol (E-2) was not included in analysis.
Fig 2. Sex ratio in control group and groups exposed to PP. Groups marked with asterisk differ significantly at P < 0.017 (M = male, F = female). Table 2 . Sex ratio in groups of juvenile zebrafish (Danio rerio) exposed to propylparaben (PP) and 17β-oestradiol (E-2)
The results of sex determination are reported in Table 2 and in Fig. 2 . It was found that the exposure dose of 17β-oestradiol used in our experiment (i.e. 20 mg·kg -1 ) was excessive and resulted in mortality, despite the fact that it was chosen in accordance with the previous study of Drastichová et al. (2005) . After 25 days, the first clinical signs of E-2 poisoning were observed in exposed fish. The skin became markedly light coloured, and petechial haemorrhages occurred on the skin and fins of some fish. Progressive cardiac hypertrophy was also visible in fish exposed to E-2. At the end of the exposure, mortality of fish from the positive control group was 41.4%, while, in the remaining four groups, mortality was negligible (1.7-8.6%). The occurrence of well developed urogenital papillae was recorded in all fish from the positive control group. However, the sex of fish from the positive control group could not be determined, since no visible gonads were observed, hence this group was omitted from the statistical analysis of fish sex ratio. This analysis confirmed significantly skewed sex ratio towards females in the group of fish fed with the feed containing 500 mg·kg -1 of PP compared to control (Fisher's exact test: P = 0.002). The shift in sex ratio was observed also in other groups taking PP-treated feed, but the differences were not significant (in all other comparisons Fisher's exact test: P > 0.017).
Discussion
The xeno-oestrogenic potential of parabens has been described in some in vitro studies (Routledge et al. 1998; Okubo et al. 2001; Byford et al. 2002) . In in vivo studies dealing with the monitoring of xeno-oestrogenic effects of parabens, the results differ markedly. The induction of vitellogenesis (i.e. oestrogenic response) was reported following intraperitoneal administration of ethyl-, propyl-, and buthylparaben to juvenile rainbow trout (Oncorhynchus mykiss) (Pedersen et al. 2000) . Exposure of this fish species to PP added to the water or administered in feed has also resulted in higher vitellogenin concentrations in exposed fish compared to controls (Bjerregaard et al. 2003) . Similarly, levels of plasma vitellogenin increased in a dose-dependent manner in the medaka (Oryzias latipes) exposed to PP added to the water (Inui et al. 2003) . On the other hand, results of our previous study suggested that, in juvenile zebrafish, water-borne exposure to propylparaben can induce an anti-oestrogenic effect (Mikula et al. 2006) .
In the present study, the exposure of fish to three different concentrations of PP administered in food did not cause either significant induction or inhibition of vitellogenin synthesis. Neither oestrogenic nor anti-oestrogenic effect was observed in PP exposed fish. The potential of the fish used in our experiment to respond to oestrogenic stimulation was confirmed, since, in fish from the positive control group exposed to E-2, significantly higher vitellogenin concentration was detected compared to the control as well as to all PP-treated groups.
Gonad differentiation processes are labile in teleosts. The phenotypic sex of teleosts is coded genetically and may be influenced by non-genetic factors. No sex chromosomes have been discovered in zebrafish, thus an important role of non-genetic factors on the processes of sex differentiation is expected. Social and environmental factors participate in these processes (Baroiller et al. 1999; Strussman and Nakamura 2002) . Shang et al. (2006) reported that hypoxia can affect sex differentiation and sex development of zebrafish, leading to a male-biased population in F1 generation. Rearing in warm water (i.e. 35 and 37 °C) at 15-25 days post hatching was shown to increase gonadal masculinisation of genetic all-female zebrafish (Uchida et al. 2004 ). Sex differentiation is also influenced by sex steroids and sex hormone mimicking or antagonizing substances. Changes in the proportions of males and females were observed in populations of juvenile zebrafish exposed, during the critical period of gonadal development, to 17α-ethinyloestradiol and methyltestosterone (Örn et al. 2003) , trenbolone (Örn et al. 2006 ), anti-oestrogen ZM 189, 156 (Andersen et al. 2004 , the fungicide prochloraz (Kinnberg et al. 2007) , and bisphenol A . Recently, effects of the thyroid hormone inhibitor perchlorate on the sex ratio were also studied. While the juvenile-larval exposure of zebrafish skewed the phenotypic sex ratio towards females (whereas co-treatment of fish with exogenous thyroxine skewed it towards males), Mukhi et al. (2007) , Bernhardt et al. (2006) reported masculinisation of female three-spined stickleback (Gastrosteus aculeatus) exposed to the same substance.
According to genetic rules, the sex ratio near 1:1 should be expected in the control group, however, sex ratios reported by authors differ markedly. While certain authors observed a dominance of male zebrafish in control groups of their experiments (e.g. 69% and 58%, Brion et al. 2004 , or 68%, Andersen et al. 2001 , other authors reported a balanced (i.e. approximately 1 : 1) sex ratio (Maack and Segner 2004; Drastichová et al. 2005) . Örn et al. (2003, 2006) determined control groups of their experiment using zebrafish to be 67% female, and similar results were described by Andersen et al. (2004) , who reported 72% females in their control group.
In our experiment, the control group was determined to comprise 60% male individuals and 40% females. A shift in the sex ratio was observed in all experimental groups exposed to PP, however, a significant difference compared to the control was detected only in the group exposed to 500 mg·kg -1 , where 71% of the fish were female. Unfortunately, in the positive control group the sex ratio could not be determined, since the exposure dose of E-2 was excessively high. The impossibility of sex determination of E-2 exposed fish supports the statement of Mills et al. (2001) , who reported gonadal regression in male summer flounder as a consequence of E-2 exposure. Indeed, in our experiment, gonads of fish exposed to E-2 either did not develop or had regressed prior to the end of the experiment when fish were sampled. However, occurrence of well developed urogenital papillae in fish exposed to E-2 confirmed their estrogenic exposure as was previously reported by Brion et al. (2004) . Histological examination of fish surviving the entire period of E-2 exposure showed a similar histological picture to that previously described by Zaroogian et al. (2001) in juvenile male summer flounder (Paralichthys dentatus) following injection of E-2.
In conclusion, the results of our study are surprising. Two endpoints to assess the xenooestrogenic potential of propylparaben were used (i.e. vitellogenin concentrations in wholebody homogenates of fish after 20 days exposure and the sex ratio in groups of fish following 45 days exposure). Despite the fact that the exposure did not significantly affect the vitellogenin synthesis in exposed fish, with neither xeno-oestrogenic nor anti-oestrogenic effect observed, the results of histological determination of fish sex suggested the ability of the substance tested to influence the process of gonad development. Participation of environmental factors on this effect may be ruled out, since the temperature and lightning regimes were the same in all tanks and oxygen saturation did not differ significantly among the tanks. Sex differentiation in zebrafish is poly-factorial and can be influenced by certain hormones or endocrine disruptors. Based on the results of our study we can say that the effect of propylparaben on the sex differentiation of zebrafish seems not to be mediated by the oestrogen receptor (ER), since vitellogenin concentrations were not affected in exposed fish. The skewed sex ratio in the groups of fish may be explained by the interference of hypothalamo-pituitary-gonadal (HPG) axis or of other hormones influencing sex differentiation processes, such as thyroid hormones. These findings should be used in further research dealing with the issue of possible adverse effects of parabens on endocrine disruption in vertebrates.
Vliv propylparabenu na vitellogenezi a poměr pohlaví u juvenilního dania pruhovaného (Danio rerio)
Cílem této práce bylo zhodnotit xeno-estrogenní potenciál propylparabenu in vivo na testovacím organismu daniu pruhovaném (Danio rerio). Juvenilní stádia dania pruhovaného (20 dní po vykulení plůdku) byla krmena krmivem s obsahem propylparabenu 500, 1000 nebo 2000 mg·kg -1 , v pozitivní kontrolní skupině byl do krmiva přidán 17β-estradiol v koncentraci 20 mg·kg -1 a v kontrolní skupině bylo použito krmivo bez těchto látek. Po dvacetidenní expozici propylparabenu nebyl zjištěn efekt na vitellogenezi, avšak zdá se, že expozice měla vliv na proces pohlavní diferenciace (ve skupině exponované 500 mg propylparabenu na kg krmiva byl po 45 dnech expozice zjištěn výrazný posun poměru pohlaví ve prospěch samic). Vzhledem k významně vyšší koncentraci vitellogeninu v pozitivní kontrole byla potvrzena reakce ryb na estrogenní stimulaci.
